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ABSTRACT
Linnévatnet (Norwegian, Lake Linné) is a proglacial lake located on the archipelago Svalbard at
approximately 78 degrees north latitude. In addition to the sediment released by Linnébreen
(Norwegian, Linné Glacier), various small streams and solifluction lobes around the lake contribute to
the total sediment input. In this study, two lake cores were taken from one location along with six bulk
sediment samples from major sediment sources around the lake. The elemental chemistry and physical
parameters of all samples were obtained using X-ray fluorescence and a Geotek MSCL, respectively, at
Hartshorne Quaternary Lab at the University of Massachusetts Amherst. The mineralogy of each bulk
sample was analyzed using X-ray diffraction, as were 19 one cubic cm samples from one real core. Thin
sections were made from the same real core and were analyzed using high resolution scans to obtain a
varve count and age model for the core. Using this data, sediment provenance over the age range of the
lake core was constrained, and environmental factors that correlated with the timing of sudden
sedimentation shifts were proposed as possible causes of fluctuations in sedimentation.
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INTRODUCTION
Past and present climates as well as anthropogenic effects on the Earth’s climate system have
become major focuses of public and media attention in recent years. This can be attributed in part to
the great wealth of peer reviewed literature that has been published on the subject and the revelations
in the field that have come about as a result. Already, significantly anomalous climate variations have
been observed within the past century—the global mean temperature of the first decade of the 21st
century, although not the warmest recorded in the Holocene, was warmer than as much as 82% of the
Holocene, while the first decade of the 20th century was cooler than at least 95% of the same time
period (Marcott et al., 2013). As knowledge on this subject has grown, it has become apparent that
some of the most dramatic influences of anthropogenic climate change will be observed in the arctic
(Kaufman et al., 2009; Miller et al., 2010). This is in part due to the various feedbacks that magnify
warming in this area. The ice-albedo feedback is caused by melting ice in warm climates; as darker
colored particles in glaciers melt out and reach the surface, the reflectivity of the ice is reduced and heat
absorption from the sun increases (Miller et al., 2010). Sea ice extent also has major effects on arctic
temperatures. If winter sea ice decreases as a result of warming climate, more ocean water, which is
warm compared to winter air temperatures, is exposed and in turn releases more heat into the arctic
atmosphere (Miller et al., 2010). Other feedbacks, including effects from increased arctic vegetation,
melting permafrost, and long term glacial-interglacial cycles also magnify the effect of warming in the
arctic (Miller et al, 2010).
Because of the high sensitivity to climatic variation in the Arctic, the region is a logical place to
study the effects of current climate change. In order to put this change in perspective, the Arctic climate
of the past must be studied in detail as well. This allows researchers to isolate current anomalies that
indicate anthropogenic influence acting along with natural forcings. Finding continuous and high
resolution records of this past climate in the arctic, however, can be challenging. Ice cores have provided
6

much of the data about past arctic climate, but their spatial distribution is limited to areas with low
enough temperatures and/or high enough precipitation to maintain glaciers (Kaufman, 2009). Another
source of high resolution paleoclimate data is lake sediment cores. Unlike glaciers, lakes are present
throughout the arctic and can reveal climate patterns of the recent past over much larger tracts of land
(Overpeck et al., 1997; Kaufman, 2009). By studying both the sedimentology of lake cores and the wide
variety of organic matter present within them, multiple climatic factors and their consequences can be
indirectly observed (Kaufman, 2009).

Figure 1: Location map of
study area. Maps from
toposvalbard.npolar.no

In addition to offering data about climate and environmental change, proglacial lake sediment
records can hold detailed information about glacier activity. This can provide an extremely valuable
7

insight into climate where other data is lacking, as glaciers are among the most sensitive systems to
changes in climate on the planet (Lowell, 2000). One such lake is Linnévatnet, which is located near Kapp
Linné on Isfjord in Spitsbergen, Svalbard (Figure 1). Linnévatnet is fed by Linnéelva, which is a
meltwater stream flowing from Linnébreen, which lies at the head of the valley, Linnédalen. In addition,
Linnévatnet receives water and sediment input from other smaller glaciers in the valley and from
precipitation runoff from the valley walls via alluvial fans. This makes it rather unique in that it records
not only glacier activity, but transport from these other sources that contribute sediments with varying
provenance from various types of rock in the valley. These features contribute to two key aspects of this
lake system: the wealth of high resolution data stored within these lake sediments and the complexity
involved with determining the specific causes of their deposition.
Setting
The Arctic Circle can be defined in two different ways: the area north of 66 degrees 32 minutes
North latitude, or the area in which July temperature averages do not exceed 10 degrees Celsius. The
Svalbard archipelago, a territory of Norway, is located within in the Arctic Circle between the
northernmost points in Mainland Norway and the northern tip of Greenland and between 74 and 81
degrees north latitude (Ingolfsson, 2006). The dominant type of precipitation in Svalbard is snow,
occurring mostly between February and March, although late summer tends to be relatively humid
(Ingolfsson, 2006). The humidity of Svalbard is in large part due to its location at the northern end of the
Norwegian Atlantic Current and adjacent to the West Spitsbergen Current (the northernmost extension of
the Gulf Stream, Figure 2), both of which bring warm waters from the southern latitudes to the Arctic
(Majewski and Zajaczkowski, 2007). Weather in this area can be rather turbulent as it is located in the
region where warm air, carried on these currents, meets cold Arctic air (Ingolfsson, 2006). Because of the
combination of Arctic temperatures and relatively high precipitation, about 60% of Svalbard’s land mass
is covered in glaciers and ice caps (Ingolfsson, 2006). This makes it an ideal location to study modern
glacier behavior.
8

Figure 2: Surface
ace currents in the North Atlantic Ocean based on AMAP (1998).
Warm currents are marked in gray (NAC= Norwegian Atlantic Current, WSC= West
Spitsbergen Current, NC=Nordkapp Current), while cold currents are marked in
white (EGC = East Greenland Curret, ESC
ESC- East Spitsbergen Current). Svalbard
marked by a black box. The West Spitsbergen Current carries moisture northward
along the Western coast of the archipelago. Figure and caption from Majewski
jewski and
Zajaczkowski, 2007.
History of Glaciation and Climate
The extent of glaciation in the Barents Sea/Scandinavia region during the Last Glacial Maximum
(LGM) was a contentious issue among glaciologists, much like the disagreement over the same topic in
North America (Ingolfsson and Landvik, 2012). Some of the ea
earliest
rliest interpretations (notably that of Otto
Torrell,, introduced in a talk in 1864) of the evidence concluded that an ice sheet centered on Norway
stretched across the Barents Sea, but only to the eastern edge of Spitsbergen (Ingolfsson and Landvik,
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2012). Later glaciologists expanded on this idea, but theories were still quite varied, with some
postulating the former existence of an ice sheet over huge swaths of the polar region and others proposing
prop
limited ice caps only on Arctic
rctic archipelagoes (Ingolfsson and Landvik, 2012). An example of a so-called
so
minimum model was offered by Mangerud et al. (1987). They propose
proposed that there was an ice sheet
covering the Barents Seas, but that glacial activity on the Svalbard archipelago was controlled by a local
ice cap. They also proposed that Isfjord, the largest fjord on Spitsbergen, did not contain ice, rather
smaller outlet glaciers in the feeder valleys calved into the ocean at the edges of the fjord. This theory,
however, did not stand the test of time. Later evid
evidence
ence regarding glacial isostasy and underwater glacially
scoured features within the fjord showed that the ice sheet
heet extended out past the western coast of
Spitsbergen and covered the high plateaus between the valleys of the island (Ingolfsson and Landvik,
2012). More recent reconstructions show that the Eurasian Ice Sheet at its maximum (about 20 ka before
present) in fact covered the Barents Sea, Franz Josef Land, Svalbard, Novaya Zemlya, Scandinavia, and
some coastal regions of Eastern Russia and Norther
Northern Europe
pe (Ingolfsson and Landvik, 2013, figure 3).
3

Figure 3: Maximum extent of
the Eurasian ice sheet at the
LGM. Figure modified from
Ingólfsson and Landvik,
2013.
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Following the warming that accompanied deglaciation and immediately preceding the Holocene,
the Younger Dryas cool period caused regrowth of ice, mainly in Western Europe (Mangerud and
Landvik, 2007). In Svalbard, despite the colder temperatures, cirque and valley glaciers in the West were
relatively small compared to recent times due to a lack of precipitation (Mangerud and Landvik, 2007). At
the beginning of the Younger Dryas, Linnébreen had become an isolated valley glacier and was likely in a
state of retreat (Reusche et al., 2014). In the northern hemisphere, the Holocene (beginning 11,300 years
ago) began with a period of warming of about 0.6 degrees Celsius, followed by a temperature plateau
from around 9500 to 5500 yr. before present (Marcott et al., 2013). This was followed by a period of
cooling that lasted until about 100 years ago, which marked the approximate end of the Little Ice Age, a
cold climate anomaly (Marcott et al., 2013). During this time, at about 1,600 yr. before present, an ice
free period in the surrounding oceans caused growth of Linnébreen to nearly its largest extent since the
Younger Dryas but subsequently retreated (Reusche et al., 2014). During the Little Ice Age, glaciers in
both Europe and Svalbard grew, likely due to increased precipitation (Marcott et al., 2013; Snyder et al.,
2000) and Linnébreen reached its largest extent since the Younger Dryas (Reusche et al., 2014). While
Linnébreen has been in existence for some 4 to 5 thousand years, at least one of the small cirque glaciers
in the valley (located at the southwestern tip of Linnévatnet) only shows significant glacier activity within
the last 400 years (Snyder et al., 2000). In Svalbard, the Little Ice Age began its conclusion earlier than
was the case for the arctic as a whole. Around 1600 CE, temperatures in Svalbard began a slow increase
that continued through about 1890 CE, which marked the start of a much more rapid increase in
temperature—rapid warming in the arctic as a whole did not begin until 1900 CE (D’Andrea et al., 2012).
Air photos from the early 20th century confirm that Linnébreen was still in contact with the terminal
moraine that marks its farthest extent. Since that time, Linnébreen has retreated over a kilometer from this
moraine (figure 4).
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Figure 4: The retreat of Linnébreen from 1936 through 2004, obtained from air photos and GPS
tracks, overlain on a satellite image of the glacier. Figure courtesy of Michael Retelle.
Bedrock Geology
On the western side of Linnédalen (Figure 5), the metamorphic Lovliebreen Formation, a member
of the Precambrian St. Jonsfjorden Group is exposed (Dallmann, 1992). This formation has a phyllitic
texture with interbedded quartzites (Dallmann, 1992). The eastern side of the valley is composed of
sedimentary rocks. These include the
he Gipshuken, Tarnkanten, and Nordenskioldbreen Formations of the
Gipsdalen Group (Dallmann, 1992). The Gipshuken Formation is a calcareous formation, composed of
limestone and dolomite; the Tarnkanten Formation is quartzose and calcareous limestones; and the
Nordenskioldbreen Formation is a sequence of partially argillaceous limestones and dolomites (Dallmann,
12

Figure 5: Bedrock geologic map of Linnédalen. Note the variety of distinct
rock types in close proximity to Linnévatnet. Map from Dallmann et al., 1992.
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1992). At the head of the valley, Linnébreen erodes the Orustdalen Formation of the Carboniferous
Billefjorden Group (Dallmann, 1992). This formation is a quartzite that contains coal and basaltic lava
flows, and also underlays the valley floor (Dallmann, 1992).
Stratigraphy in Linnévatnet
Sediment in Linnévatnet has three distinct sections: lacustrine sediment overlies marine sediment, which
is underlain by bedrock or till (Svendsen et al., 1987). Marine sediments were deposited as glaciers
retreated out of the valley at the end of the LGM; lacustrine sediments began to be deposited as isostatic
rebound took effect and the lake basin emerged from the ocean (Svendsen et al., 1987). The massive
texture of the marine sediments in the core may represent a fast glacial retreat (Svendsen et al., 1987). In
the lacustrine section, carbonate matter is highest at the bottom of the column and lamina range from the
sub-millimeter scale to as much as 5mm in thickness (Svendsen et al., 1987). Previous studies have
identified the lamina in the upper section of the core (dating back as far as 1870) are varved couplets that
occur annually (Dowey, 2013). However, some laminae within the core, especially in cores from more
proximal locations, may be sub-annual layers (for example, large storm events) and can present a problem
when determining the age of the varves by counting them (Dowey, 2013).
Summary of Goals
The main goal of this study is to identify the most significant sources of sediment to Linnévatnet, both
now and in the past. To accomplish this, a combination of Itrax X-ray fluorescence, X-ray diffraction,
magnetic susceptibility, gamma-ray density, color spectrophotometry, and the use of thin sections will be
used. By relating the mineralogy and elemental chemistry of sediment sources to the same properties in
core sediments, changes in sediment provenance will be delineated. By determining the most significant
factors in changing sedimentation through these features and physical properties of the core (such as
varve thickness) the paleo- and present climatic conditions that brought about changes in sedimentation
will be discussed.
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METHODS
FIELD METHODS
Lake Sediment Cores
Two sediment cores, Linné-14-D-1 and Linné-14-D-2 (referred to in this document as cores D-1 and D-2,
respectively), were taken from the same location in Linnévatnet. These cores were obtained from an
inflatable boat using a percussion corer (Figure 6). The coring site was halfway between the northern tip
of the island and the closest point on land (Figure 7). Core tubes were filled with Zorbitrol to prevent
disturbance of sediment during transport and their caps were secured with electrical tape.

Figure 6: Professor Retelle assembles
the percussion corer used in the field
to obtain cores D-1 and D-2.
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Bulk Sediment Samples
Eight sediment samples from various delivery sources around Linnévatnet (Figure 7) were harvested
harves
with a shovel and placed in marked plastic bags for transport. GPS locations were taken at each
sampling site, along with descriptions of apparent source and deposition environment. Upon later
inspection, two of these samples were found to be too cours
course
e grained to be used in the desired analyses
and are therefore excluded from this study.

Figure 7: The coring site, where cores D
D-1 and D-2
2 were obtained, is marked with a green
star. The bulk sediment sampling sites, which are marked with red circles, are, starting from
the most northwesterly
esterly and continuing counterclockwise: 727
727-01, 727-02
02 (unused), 727-04,
727
727-03, 727-05, 727-06, 727-07,
07, and 727
727-08 (unused). Map from toposvalbard.npolar.no.
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LABORATORY METHODS
Artificial Core
To create an artificial core (Figure 8)
8),, all particles larger than 2mm were removed from bulk sediment
samples with a metal screen sieve. The fine grained portions were wetted until a pasty texture was
achieved. The paste was then placed in an empty split core tube using a metal spatula. The different
samples were separated within the tube by specially cut pieces of plastic foam. The surfaces of the
samples were smoothed with a metal spatula. The artificial core was wrapped in plastic wrap for
transportation.

Figure 8: A high resolution image of the artificial core taken on the Geotek MSCL
(see figure 10). The samples, listed from left to right, are 727
727-01, 727-03,
03, 727-04,
727
727-05, 727-06,
06, and 727
727-07.

Analyses at Hartshorne Quaternary Lab, UM
UMass Amherst
At UMass Amherst, the artificial core was analyzed using xx-ray
ray fluorescence spectrometry on an ITRAX

L

Core Scanner.
anner. The scan was performed at 2mm resolution. Cores D
D-1 and D-2
2 were both analyzed,
unsplit, for gamma ray density on the Geotek Multi
Multi-Sensor
Sensor Core Logger (MSCL) at ½ cm resolution.
Cores D-1 and D-2 were then split (Figure 9) using a Geotek core splitter.
r. The two halves were separated

17

using a wire. In core D-2, an uneven surface formed while splitting the halves. The best half of D-1 and
both halves of D-2, along with the artificial core, were photographed on the Geotek MSCL (Figure 10).

18

Figure 9: A high resolution image of core D-1
1 after being split. Taken on the Geotek MSCL (see
figure 10). Note the Zorbitrol at left, which marks the top of the core, and the deformation in the
laminae within the core.
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Figure 10: A Geotek Multi
Multi-Sensor Core Logger. This instrument is
specially designed to make measurements directly on cores. The
various apparatuses in the central area perform the measurements.
Image from http://www.geotek.co.uk/products/sensors
http://www.geotek.co.uk/products/sensors.
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Following this, the best halves of D--1 and D-2 were analyzed by the Geotek MSCL
CL for magnetic
susceptibility and color spectrophotometry (very near UV through very near IR, 340
340-740
740 nm) at ½ cm
resolution. The best half of core D-11 was analyzed using xx-ray
ray fluorescence spectrometry on the ITRAX
Core Scanner (Figure 11) at 500 micron resolution.

Figure 11: An Itrax X-ray
ray fluorescence scanner. Like the Geotek MSCL, this
instrument is designed to perform measurements directly on split cores. Image
from cox.vivecode.se/products/corescanner/
cox.vivecode.se/products/corescanner/.
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Visual Core Stratigraphy
Core D-11 was studied visually before any destructive analyses were performed to create a detailed visual
log of the core. Characteristics such as deformation, color, bed width, relative grain size, sharpness of
laminae, and marker beds were recorded (Figure 12).
Thin Section Preparation and Analysis

Six thin sections were prepared from sediment in core D
D-1.
1. Forms were constructed from thin sheet
metal; small pores were drilled about two mm apart through metal to allow fluid fl
flow
ow throughout the
sample (Figure 13).. Forms were pressed into the split core’s surface and removed by sliding a thin strip
of metal underneath and then lifting the form with a metal spatula. To remove water from the sediment
the thin sections were repeatedly bathed in histological grade acetone for no less than 12 hours at a
time until the used acetone approached a density of 791 kg/m3. When dewatering was nearly complete,

Figure 12: A cartoon of the visual core log for core D
D1. For a detailed description of the features
represented here, see the Results section.

Figure 13: One of tthe molds used to extract a sample
from core D
D-1 for use as a thin section.
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EM grade acetone was used in place of histological grade to ensure full removal of water. This was
repeated until the used acetone was found to have a density of 791 kg/m3 for two measurements
consecutively. The thin sections were then washed with a 50/50 mix (by volume) of epoxy and acetone
and allowed to soak for no less than 12 hours. The epoxy was composed of 7-Oxabicyclo[4.1.0]heptane3-carboxylic acid, 7-oxabicyclo[4.1.0]hept-3-ylmethyl ester (ERL 4221), Oxirane, 2,2'-[oxybis[(methyl-2,1ethanediyl) oxymethylene]]bis- (DER), nonenylsuccinic anhydride (NSA), and N,N-dimethylaminoethanol
(DMAE) in a mass ratio of 106.7:37.1:153.3:2.6 respectively. This wash was followed by three washes of
50:50, 75:25, then 100:0 volumetric mix of epoxy to acetone, each for no less than 12 hours. Following
the third wash, the thin sections were bathed in pure epoxy and allowed to cure in a drying oven. The
hardened epoxy slabs were sent to Quality Thin Sections in Tucson, Arizona to be prepared for use as
microscope slides. These slides were scanned with an Epson 3000 scanner at 3200 dpi in order to count
varves and measure varve thickness (Figure 14). These measurements were performed in Photoshop
using the count tool and ruler tool respectively. Three iterations each of counting and measuring were
performed to quantify error.

Figure 14: A 3200 dpi scan of one of the six
thin sections created from core D-1. Note
the clear light-to-dark transitions (varves),
typical of proglacial sediments, and the
distinctive pink lamina near the top of the
core.
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X-Ray Diffraction Spectrometry
1 cm3 samples of sediment were removed from core D-1 at 19 points of interest. Samples were dried in
a drying oven and then homogenized by crushing each into a powder. The samples were prepared in
sample holders for the Rigaku Miniflex II X-ray Diffractometer (Figure 15). Samples were scanned from 0
to 50 degrees; 2 theta peaks were used in mineral identification. Analysis was performed on Jade9
software to obtain relative percentages of selected minerals.

Figure 15: The Rigaku Miniflex II X-ray Diffractometer
at Bates College. This instrument is capable of running
six samples consecutively.

RESULTS
Core Stratigraphy

24

Before any destructive analyses were performed, a visual (created without use of magnification)
log of core D-1 was created (see figure 12). In the top eight centimeters of the core, large, distinct
alternating light/dark laminae (varves) dominated, with some finer bands interspersed. From eight to 15
cm, the laminae became finer, but continued to have distinct contrast from one another. These top
sections of the core were a light brown color. From 15 to 18 cm, some thicker varves were again
present. From 18 to 26 cm the laminae became finer and less distinct; the core’s texture in this section is
was more massive. The color of the core in this section shifted away from brown to gray. From 26 cm to
the bottom of the core at 34 cm, the color shifted back to brown and laminae became slightly thicker
and more distinct. Two marker beds were identified. Both were pink in color. The first was located at 6
cm and had a white top, the second at 17.5 cm. It was apparent through visual inspection that the core
is composed of clastic material—no fragments of organic matter were visible. This was confirmed by the
high magnetic susceptibility throughout the core (Figure 16). The sediment was fine grained and had
high water content that increased downcore. This could have been due in part to the Zorbitrol drawing
water out of the core sediments nearer the top.
Laminated Sediments and Varve Counts
Three varve counts performed on these scans gave a count of 105 +/- 8 varves. The average
varve thickness was 0.28 cm. These varves correspond to one year each. However, the thin section that
represents the top of the core does not show the sediment-water interface (the Zorbitrol that filled the
excess tube volume is not present) it can be assumed that some amount of information was lost. The
total reconstructed length of the core was less than one cm shorter than that of the real core, so the
number of varves lost is probably less than five. This has more significant implications for dating the
topmost layers in the core, where agreement between the three counts is high and adding or
subtracting five years produces an age well outside the average varve count for the core location.
Further downcore, where varves are less distinct, error between the varve counts increases to cover a
25

span of roughly 10 years, and a three year uncertainty added to this simply broadens an already
somewhat wide age range.

Figure 16: Although the magnetic
susceptibility is not unchanging, the
relative consistency of the
measurements indicates that the core
does not contain abundant organic
matter. The downcore decreasing
trend may be a product of grain size.

Elemental Profiles from Itrax XRF Core Scans
Visual comparison of the most relevant X-ray fluorescence spectra for core D-1, which provided
elemental composition of sediments, revealed distinct features, shared between multiple spectra, which
drove further study (Figure 17). The spectrum for calcium gave the clearest representation of these
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Figure 17: The Itrax Xray Fluorescence
spectra pictured here
represent the most
relevant elements to
this study among the
elements with high
enough presence to
produce a spectrum
with peaks that were
significant over the
background noise.
Manganese, for
example, gave low
enough counts to
conceal some smaller
peaks that, had it been
a greater portion of
the composition, may
have correlated more
clearly with peaks in
the calcium spectrum.
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features. Calcium showed two large spikes, or phase changes, with maxima at 2.2 cm and 5.6 cm, as well
as several smaller phase changes, the most notable (although not the largest) of which occurred at 17.5
cm. This smaller phase change was notable because it was very sharp (will little tailing on end) and was
located in a part of the core that showed few major variations in elemental composition. The phase
changes in calcium are reflected in the other most relevant elemental spectra from this core. Calcium
showed a positive correlation with manganese, but was negatively correlated with rubidium, titanium,
zirconium, and iron.
These same major elements were studied when considering the spectra obtained from the
artificial core (Figure 18). Calcium was most abundant at the most north-eastern sampling point (72707), which is the top section in each diagram. However, manganese content at this site was quite low.
The other two eastern sampling points (727-06 and727-05), the second and third from the top of the
diagrams, also had relatively abundant calcium, but contained much more significant manganese than
was present in sample 727-07. However, rubidium and titanium are both present in samples 727-06 and
727-07 at levels similar to the three southern/western sources. The only source which has a distinctively
low presence of these elements is 727-07.
Using the previously mentioned varve count, coupled with individual varve thicknesses, it is
possible to find the approximate age of a given point in the core by summing the individual varve
thicknesses from the top downward until the desired depth is reached. This was performed for the
previously mentioned downcore fluctuations evident in calcium that showed either positive or negative
correlation with other elements. The two large spikes noted at 2.2 and 5.6 cm have ages of 6-7 varve
years and 18-22 varve years before present respectively. The smaller spike at 17.5 cm has an age of 63
to 72 varve years before present.
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Figure 18: The most
relevant Itrax X-ray
fluorescence spectra
among those with high
enough counts to
overcome background
noise. Starting from
the top of the core (at
zero on the Y axis) the
samples are in the
order, 727-07, 727-06,
727-05, 727-04, 72703, 727-01. The
samples are divided by
drops in counts on all
elements. This is
especially clear in the
spectra for rubidium
and zirconium.
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Mineralogical Analysis using X-ray Diffraction
Mineralogical data was acquired from subsampling at 19 levels along core D-1 (Figure 19), and
from one sample from each of the six sections of the artificial core (Figure 20). The artificial core data
showed a much higher presence of dolomite on the eastern wall of the valley (samples 727-07, 727-06,
and 727-05), increasing in abundance to the north. Calcite was present in the greatest abundance in the
southernmost sample from the eastern valley wall, but was also significant in the northernmost sample
from the eastern shore. Small amounts of calcite came from the two westernmost samples. Quartz was
higher in all sources that have significant contribution from the western valley wall (samples 727-01,
727-03, and 727-04). All three of these samples contained chlorite, which is absent from the samples
derived from the eastern wall. The two most western sources, (727-01 and 727-04) contain albite, which
is absent from all other samples. Dolomite from all three of these sources is limited to less than 5% of
the total composition. Muscovite is present in all but the most northeastern sample, but is present in
greater quantity in the more western areas. Kaolinite is only present in one sample, and in nearly
negligible amounts.
In the core D-1, dolomite is most variable and abundant in the first 10 cm, after which it has a
more steady and consistent relative concentration. Calcite appears only twice in the core, once at 4.1 cm
and again at 17.5 cm. Quartz showed some variation, but consistently made up approximately half of
the mineral content. Chlorite only appeared in the upper 12 cm of the core, while albite was absent
entirely. Muscovite is disproportionately high in abundance throughout, its relative concentration in the
real core is consistently nearly twice the percentage of that of any given sample in the artificial core.
Kaolinite is similarly anomalously abundant, representing more than 10% of the overall mineral content
in some places. Kaolinite tends to increase downcore.
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Figure 19: The percentage composition of eight minerals along the length of core D-1
1 in the form of stacked bar graphs.
Samples were taken at 19 levels, shown the Y axis. The colors correspond to minerals as follows: Red-quartz,
Red
Brownalbite, Blue-muscovite, Orange-chlorite,
chlorite, Green
Green-kaolinite, Yellow-calcite, Pink-dolomite,
dolomite, and Purple-rutile.
Purple

Figure 20: The percentage composition of eight minerals in each of the six sections of the artificial core are shown in the
form of stacked bar graphs. The colors correspond to minerals as follows: Red
Red-quartz, Brown-albite
albite Blue-muscovite,
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Orange-chlorite, Green-kaolinite, Yellow-calcite,
calcite, Pink
Pink-dolomite, and Purple-rutile.

DISCUSSION
Interpretation of Sediment Provenance
Correlation of elements in the XRF spectra, whether positive or negative, is indicative of
association of elements with specific sediment delivery sources or source areas. These links can be
characterized by relating the data from the artificial core to XRF data from core D-1. Because of the
correlation of manganese and calcium, it can be assumed they are largely derived from the same source.
The low manganese concentration at site 727-07 compared to sites 727-06 and 727-05 indicate that
more sediment delivered to the coring site is derived from the latter two sites. This hypothesis fits with
two other features controlling sedimentation: the Coriolis effect causes a counterclockwise current in
the lake, which is exacerbated by the placement of the inflow from Linnéelva. However, because of the
negative correlation of calcium with rubidium and titanium (which is relatively high in samples 727-06
and 727-05), some sedimentation from site 727-07 would be a reasonable assumption. Alternatively, it
is also possible that the lack of correlation of these elements with calcium is due to the high sediment
input from Linnéelva. Because levels are similar between these two east valley wall sites and the river, a
high sediment input from the river and low input from the valley walls could cause a buildup of titanium
and rubidium with little addition of calcium, which can explain the negative correlation without input
from the site with the lowest concentration of these elements.
A comparison of the mineralogical data from the artificial core and core D-1 sheds some light on
which of these two hypotheses may be more accurate. One of the most informative observations to be
made is the presence of albite only in samples 727-01 and 727-04, the two most western samples. This
information, combined with the complete lack of albite in core D-1, indicates that sedimentation from
this area of the lake is likely negligible over the last hundred years. This points to linnéelva as the main
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source of elements and minerals that are not positively correlated with calcium, and supports the
second hypothesis presented in the paragraph above.
Although the higher presence of dolomite in the top 10 cm of the core correlates to the high
calcium abundance in the same section of the XRF spectrum, the two major calcium peaks from the XRF
analysis are not correlated with dolomite (or calcite) peaks in the mineralogical analysis. This is most
likely a reflection of the sampling precision of the two methods. While the XRF apparatus was capable of
sampling at half millimeter intervals, the mineralogical samples measured one centimeter in length,
width, and depth. The shifts in calcium were therefore not detected on an adequate scale to become
apparent in the mineralogical analysis.
It is worth noting that the relative composition of dolomite in core D-1 never surpasses 20%. In
the artificial core, the most northeastern sampling point, 727-07, was composed of more than 50%
dolomite. This could be another indicator that the two more southern samples from the eastern shore
are more significant contributors of dolomite to this area, as the average of these two is about 25%,
which is a much more accurate figure when some sedimentation from other sources (namely, Linnéelva)
is assumed. However, calcite is present in rather large quantities in sample 727-05, but is only present in
two samples from core D-1, only one of which is in the section of high calcium input near the top of the
core. This suggests that most of the calcium, and specifically dolomite input to this site is from site 72706. This would also be a reasonable assumption because of the close proximity of this site to the coring
site.
The appearance of calcite at 17.5 cm is significant because this is also the location of both the
red marker bed and the small peak in the calcium XRF spectrum. This seems to be clear evidence of a
major, isolated sedimentation event stemming from the eastern wall between 63 and 77 years ago
(including a 5 year grace period to make up for any material lost at the top of the first thin section). The
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first appearance of calcite in the mineralogical analysis (4.1 cm) does not correlate with the first red
marker bed in the core (6 cm), but it does correlate with another peak in calcium of similar shape to but
higher intensity than the peak at 17.5 cm.
The anomalously high presence of kaolinite and muscovite in core D-1 as compared to the
artificial core may be explained by their mineral properties. Because they are both soft minerals that are
easily broken down by water, they may both exist as much smaller grains in sediment sources than the
other minerals analyzed. This means that they would be preferentially removed from sediments
deposited in higher turbidity areas, like the fans and solifluction lobes where the bulk sediment samples
comprising the artificial core were collected.
The absence of chlorite below 12 cm in core D-1 is somewhat strange considering the lower
levels of dolomite and, therefore, higher relative contribution from the sources containing chlorite
during this time. One possible explanation for this could be increased melting of Linnébreen (which
erodes basalt, a potentially chlorite-bearing rock) in more recent years, which could mobilize greater
quantities of the mineral. Another possibility is greater melting of snow or ice on the western valley wall
to the south of Linnévatnet that contributes meltwater to Linnéelva. These suggestions are speculative,
and warrant further study.
Paleo- and Current Climatic Interpretation
The data and interpretations presented above can be related to climatic conditions on Svalbard
over the past hundred years. On a much longer timescale, it has been previously observed that during
times of significant glacial activity in Linnédalen levels of total organic carbon, present in the form of
coal, rise in the sediments of Linnévatnet while at times of little or no glacial activity the calcium
carbonate content of lake sediments increase (Svendsen and Mangerud, 1997). While the previous
claims apply to much longer processes—namely, glaciation and deglaciation of the valley—they provide
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insight into the implications of the results of this study. Although total organic carbon was not measured
in core D-1, sudden fluctuations in calcium content are indicators that these processes have applications
on a shorter timescale, and that the conditions that result in calcium deposition are a some combination
of lower input from Linnéelva and/or higher input from the eastern valley wall, likely in close proximity
to the lake.
Because calcium deposition is not associated with Linnébreen or Linnéelva, it can be assumed
that calcium-rich sediments are mobilized by water from precipitation. The weather station at the
Longyearbyen airport has been recording temperature data (Figure 21) since 1912 and precipitation
data (Figure 22) since 1913 (Michael Retelle, personal communication). This record covers nearly the
entire history of core D-1. Although the weather station is not located at Linnévatnet, it is the closest
record available that covers this time scale, and must be assumed to be a viable approximation. By
comparing the timing of significant fluctuations in the calcium spectrum with these records possible
correlations can be identified.
The earliest notable peak in calcium is located at 17.5 cm in core D-1, and corresponds to
somewhere between 63 and 72 years before present, or from 1943 to 1952 not including added time for
missing varves at the top of the first thin section. In 1937, the summer (June, July, and August)
precipitation rises drastically to almost 100 mm, a value only attained during two other years in the
location’s history. This followed an extended warm period in the area: the average annual temperature
had not fallen below -8 degrees Celsius since 1918 and was only once below -6 degrees Celsius after
1929—and that by less than a fourth of a degree. The warmest average annual temperature of this
warm period occurred in 1938, and the second warmest in 1937. This combination of warmer
temperatures and high summer precipitation could certainly have led to an unprecedented
sedimentation event from the eastern valley wall.

35

Year
1910
0

1920

1930

1940

1950

1960

1970

1980

1990

2000

2010

Longyearbyen Annual Temp (°C)

-2

-4

-6
R² = 0.1486
-8

-10

-12

-14

Figure 21: The annual average temperature for each year from 1912 to 2010 as recorded by the weather station at the
Longyearbyen airport. A trendline has been added to indicate the apparent warming recorded in the area over the last
century. This warming may be a factor in increased sedimentation in Linnévatnet.
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Figure 22: The total summer (June, July, and August) precipitation recorded at the Longyearbyen airport from 1913 to 2010.
Data from 1941-1945 is absent. Correlations between large rainfall events and calcium spikes in the sediment of Linnévatnet
indicate that precipitation is likely a cause of increased sedimentation from the valley walls, especially to the east 36
of the lake.

Starting at about 11.5 cm depth in core D-1 and continuing upward, calcium begins to show
larger, broader peaks. This corresponds to somewhere between 35 and 44 years before present (no
time loss considered), or somewhere from 1971 to 1980. In 1972, summer precipitation at
Longyearbyen was the highest in this record. Although no prolonged warm period was observed before
this time, the Longyearbyen station recorded its highest average annual temperature since 1954 that
same year. In the rest of the record, the average annual temperature only falls below -8 degrees Celsius
in one year. Before 1972, there were 8 years with average annual temperatures lower than -8 degrees
Celsius.
The first of the two large calcium peaks (5.6 cm) occurred 18 to 23 years before present
excluding time loss consideration, or from 1992 to 1997. The year with highest amount of summer
precipitation to fall between 1982 and the end of the record was 1994. This does not correspond to an
unusually warm year, but the average annual temperatures of this and the three preceding years fall
within the range seen from 1929 to 1938 and from 1972 to 1977.
The more recent of the two largest calcium peaks (2.2 cm) occurred 6 to 7 years before present
before consideration of lost time. Because this is so near the present and because the range is so small,
it seems wise to consider the probable loss of time for this example. If at least one year is assumed to be
missing, but not more than five, the range becomes 7 to 12 years before present, or from 2003 to 2008.
In 2004, summer precipitation jumped more than 35 mm from the previous year, after a period of four
years of anomalously low summer precipitation. A four year period this dry had not occurred since the
period from 1949 to 1951. In four of the five years preceding the 2004 jump in summer precipitation,
the average annual temperature did not fall below -4.6 degrees Celsius (the exception was in 2003,
when the average annual temperature was -6.1 degrees Celsius). There was no period before these four
years that was as warm for as long, but from 2004 to 2010, where the data stops, the average annual
temperature did not fall below -4.4 degrees Celsius.
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The combination of high temperature and high precipitation within the possible timeframes of
occurrence for these events is a strong indication that these factors influenced calcium-rich
sedimentation in Linnévatnet. This is supported by the observation that three of the largest of these
peaks can be associated with a year in which summer precipitation was especially heavy compared to
recent (contemporary) years. Despite this correlation, it is likely that a number of factors influence
sedimentation from the eastern shore of Linnévatnet. For example, periods of low precipitation may
cause sediment to build up near the lake’s edge and proceed to deposit rapidly during years of high
precipitation. In addition, warm temperatures early in the spring or late in the fall may lengthen the
amount of time the ground surface is thawed and create a longer deposition season for these proximal
sources. Also, as evidenced by the two red marker beds in core D-1, there is likely an occasional event
that triggers heavy, abrupt sedimentation from the eastern valley wall, such as a slump or small debris
flow.
In studying the calcium XRF spectrum, it quickly becomes clear that calcium-rich sediment
deposition has increased steadily in recent years, with the two largest single events of the last 100 years
occurring after 1990. Besides these two large events, smaller disturbances that caused a significant
increase in the proportion of calcium found in the core became much more common after 1970. This
occurs alongside a slow trend of rising annual average temperature in the area. The continuation of this
trend would eventually cause (if it has not already begun) a melting of the permafrost in this region,
which could destabilize sediment around Linnévatnet. This is one possible explanation for the two large
calcium sedimentation events occurring in recent times, and certainly is worthy of long-term study.
CONCLUSIONS
This study aimed to identify sediment provenance at distinct intervals throughout the core
history, as well as to link these changes in sedimentation to specific climate events. By distinguishing
between the unique elemental chemistry and mineralogy of sediment from the eastern valley wall and
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the western sources—represented almost entirely in this location by sediment contributions from
Linnéelva—the two main sources of sediment to the lake were distinguished. They were separated from
one another in the sediment record by examining the level of calcium present in lake sediments. High
calcium in the form of distinct peaks indicated sediment input from the eastern valley wall that was
anomalously high. These indicated that anomalously high amounts of water were coming from some
source other than Linnébreen, such as rain or snowmelt. Correlation of these interpretations with real
instrumental data confirmed that this is a valid hypothesis.
Linnédalen is a unique system because the glacier is located at a great distance from its
proglacial lake. Although this makes the sedimentation of Linnévatnet more complex, it gives this site
the potential to record data that may be lacking in other lakes; data about climate that doesn’t have a
readily visible impact on glacial sedimentation. Future work on this project could include extension of
this model further into the past to infer precipitation events from before meteorological records were
kept. This model may also apply to other lakes, although it is a prerequisite that the glacier and the
proglacial lake be located in areas of fundamentally differing rock chemistry. Despite the limitations, this
could be a very useful way of inferring climate records in places where none exist.
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